THE ANTHRACYCLINES, PRIMARILY doxorubicin, but also including daunomycin, epirubicin, and idarubicin, are among the most effective drugs to treat a wide spectrum of hematologic malignancies and solid tumors. However, their cumulative and dose-dependent cardiac toxicity has been a major concern of oncologists and cardiologists for decades (30) . In addition to the cumulative dose, younger age at treatment is also a significant risk factor for anthracycline cardiotoxicity. Children and adolescents are particularly susceptible to the cardiotoxic effects of anthracycline chemotherapy, and there is no safe dose of anthracyclines in this population (14, 27) . Children treated before the age of 4 yr appear to be especially vulnerable (14, 27) . About one-half of the young adult survivors of childhood cancer have received anthracyclines at some point in their treatment, and long-term follow-up studies (14, 27) have shown that progressive cardiotoxicity will develop in the majority of those children treated with anthracyclines.
Despite intensive investigations on anthracycline cardiotoxicity, the underlying mechanisms, especially age-related sensitivity, have not yet been completely elucidated. Many mechanisms have been proposed, including free radical-induced oxidative stress, damage to nuclear DNA, dysregulation of calcium handling and cellular contractility, suppression of transcription factors that regulate cell survival and sarcomere protein synthesis, disruption of sarcomere stability, and mitochondrial degeneration in cardiomyocytes. Most of these cellular events eventually contribute to cardiomyocyte death. Indeed, numerous in vitro and in vivo studies implicate anthracycline-induced cardiomyocyte apoptosis as a primary cause of cardiac damage (9, 22, 33) . However, very little attention has been paid to the effects of age on anthracycline-induced apoptosis signaling in myocardium.
The present study aimed at comparing the acute effects of doxorubicin on the induction of caspase-dependent apoptosis in the hearts of neonatal and adult mice. Multiple biochemical and histological approaches were used with a particular focus on quantifying critical apoptotic events during the postnatal growth period and on determining different apoptotic sensitivities between neonatal and adult cardiomyocytes in vivo. Transgenic mice with cardiac-specific expression of a nuclear localized LacZ reporter gene (26) were used to definitively identify cardiomyocytes in the heart. Our results demonstrated the presence of functionally intact caspase-dependent death machinery in neonatal hearts that is responsive to doxorubicininduced apoptotic stimuli. In contrast, the adult heart is significantly more resistant to doxorubicin-induced apoptotic stimuli, most likely due to rapid postnatal silencing of numerous key apoptosis regulatory proteins.
MATERIALS AND METHODS
Animal model. All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee at Indiana University School of Medicine. For all in vivo experiments, either wild-type FVB mice or transgenic mice [␣-myosin heavy chain (␣MHC)-nLacZ] carrying a nuclear localized LacZreporter gene under the control of the ␣MHC promoter (26) were used. A single dose of doxorubicin (Sigma-Aldrich) at 5, 10, 15, or 20 mg/kg was administered intraperitoneally to mice at different ages. For coadministration experiments, caspase-9 inhibitor (z-LEHD-fmk; 10 mg/kg), caspase-8 inhibitor (z-IETD-fmk; 10 mg/kg), cathepsin B inhibitor (CA-074Me; 5 mg/kg) (ENZO Life Sciences), or cathepsin D inhibitor (pepstatin A; 10 mg/kg; Sigma-Aldrich) were administered intraperitoneally 30 min before doxorubicin injection. Mice ad-ministered with the same volume of saline at the same timing served as controls. All mice except for those used for the determination of the time course of doxorubicin-induced cardiotoxicity were killed 24 h after treatment. Mice were anesthetized with inhalation anesthetic isoflurane (2%; Webster Veterinary Supply), and the hearts were removed immediately, rinsed in precooled PBS, and either flash frozen in liquid nitrogen for protein analysis or cryopreserved in optimum cutting temperature medium for cryosections.
Protein analysis. Protein samples were prepared as previously described (23) . Ventricular tissue fragments were disrupted with a PYREX Potter-Elvehjem tissue grinder on ice in lysis buffer containing 25 mM HEPES pH 7.5, 5 mM MgCl 2, 1 mM EGTA, and 10 mM DTT, plus proteinase and phosphatase inhibitors (Roche). After being supplemented with detergents (0.5% TritonX-100 and 0.25% NP-40) and rotated at 4°C for 30 min, the homogenate was centrifuged at 15,000 g at 4°C for 15 min, and the supernatant was saved. Fresh lysates were used immediately for the determination of caspase-3 activity as described below. Western blot analysis was performed for detection of the expression level of apoptosis-related proteins in the ventricles. Primary antibodies included rabbit polyclonal antibodies to caspase-8 (sc-7890) (Santa Cruz), cathepsin B (06 -480; Millipore), cathepsin D (GT15042; Neuromics), apoptotic-inducing factor (AIF; 551429; BD Biosciences), caspase-3 (9662; Cell Signaling), cleaved caspase-3 (9661), caspase-9 (9504), cleaved caspase-9 (9509), cleaved caspase-8 (9429), poly(ADP-ribose) polymerase (9542), Apaf-1 (4452), Bax (2772), Bak (3814), Bcl-2 (2872), Bcl-xL (2762), X-linked inhibitor of apoptosis (XIAP; 2042), Akt (9272), p-AktS473 (9271), cytochrome c (4272), and EndoG (4969). All blots were normalized to GAPDH (RDI Division of Fitzgerald Industries).
Subcellular fractionation. Hearts were homogenized in ice-cold mitochondria buffer (5 mM MOPS pH 7.0, 225 mM mannitol, 1 mM EGTA, 75 mM sucrose, and 1 mM DTT) supplemented with proteinase and phosphatase inhibitors (Roche) and centrifuged twice at 700 g at 4°C for 10 min to pellet cell debris and nuclei. The supernatant was again centrifuged at 10,000 g at 4°C for 20 min, and the pellet was saved as the mitochondrial fraction. The supernatant was again centrifuged at 100,000 g at 4°C for 1 h, and the pellet was saved as the light membrane fraction; the supernatant was saved as the cytosolic fraction. After measurement of the protein concentration, samples with equal amounts of protein were analyzed by Western blot with specific antibodies. The purity of the subcellular fractionations was assessed by Western blot analysis with GAPDH (a cytosolic protein) and cytochrome c oxidase subunit IV (COX IV; a mitochondrial protein; Molecular Probes) as the markers, respectively.
Measurement of mitochondrial permeability transition. Heart mitochondria were freshly isolated on the day of the experiments using the previously described methods (20) . Briefly, hearts were homogenized in ice-cold mitochondrial isolation buffer (20 mM HEPES pH 7.4, 190 mM mannitol, and 70 mM sucrose) and then subjected to three rounds of differential centrifugation at 700 g, 900 g, and 1,000 g at 4°C for 10 min to remove cell debris and nuclei. The supernatant was again centrifuged at 10,000 g at 4°C for 20 min, and the pellet was saved as the mitochondrial fraction. The mitochondrial pellet was carefully resuspended in ice-cold isolation buffer and immediately used for the mitochondrial permeability transition (MPT) experiment after protein concentration measurement. MPT was measured spectrophotometrically by monitoring the decrease in absorbance at 540 nm with mitochondrial proteins. The swelling assays were performed in 120 mM KCl, 10 mM Tris pH 7.6, and 5 mM KH 2PO4. CaCl2 (250 M) was added at 1 min, and the absorbance change was measured per minute for 10 min. Swelling amplitude was calculated as the total decrease in absorbance from 0 to 10 min. Caspase-3 activity assay. Specific caspase-3 activity in tissue homogenates was measured using a caspase-3 immunosorbent enzyme assay kit (Roche) according to the manufacturer's instruction. To specifically quantify caspase-3 activity, it is necessary to first separate active caspase-3 from other proteases in tissue extracts by using a monoclonal anti-cleaved caspase-3 antibody. Briefly, caspase-3 is captured from tissue lysates by a monoclonal antibody coated onto an opaque 96-well plate. Following the washing step removing unbound proteases, caspase-3 fluorescent substrate Ac-DEVD-AFC was added, and the intensity of free fluorescent AFC liberated by proteolytic cleavage was periodically measured by excitation at 400 nm and emission at 505 nm. Tissue lysates preincubated with a pan-caspase inhibitor (z-VAD-fmk; EMD) at 40 M for 1 h before being added into the wells for immunoadsorption served as the negative control. The caspase-3 activity is expressed as the net fluorescent intensity.
Histology analysis. Eight-micrometer-thick cryosections were obtained from hearts of FVB mice or transgenic ␣MHC-nLacZ mice at progressive ages from neonatal to 5 wk old. Single or dual fluorescent staining to detect active caspase-3, LacZ, and terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL)-positive nuclei was performed. Fluorescent immunostaining to detect active caspase-3 was performed with FVB mouse heart sections using polyclonal anti-cleaved caspase-3 antibodies (Promega), followed by incubation with Alexa Fluor 488 or Alexa Fluor 555-conjugated goat anti-rabbit IgG (Molecular Probes). Sections were counterstained with DAPI (Molecular Probes) and mounted with Vectashield (Vector Laboratories). Apoptosis in mouse heart sections was assayed using the fluorescent ApopTag kit according to the manufacturer's instructions (Chemicon). These sections were also counterstained with DAPI (Molecular Probes) and mounted with Vectashield. To identify nuclei of cardiomyocytes in transgenic ␣MHC-nLacZ sections, they were first stained with anti-␤-GAL (ab9361; Abcam) followed by incubation with Fluor 555 conjugated goat anti-chicken IgG (Molecular Probes). They were then stained with anti-cleaved caspase-3 antibodies (Promega) or TUNEL staining using the ApopTag in situ apoptosis detection kit (Chemicon). For all quantifications, a minimum of four cryosections from distinct regions of each heart sample and at least six hearts per group were analyzed. Statistical analysis. Data are reported as means Ϯ SE. Comparisons between groups were analyzed by Student's t-test or ANOVA as appropriate, with P Ͻ 0.05 considered as significant.
RESULTS
Rapid downregulation of caspase-3 activation parallels the decreased expression of key proapoptotic proteins in postnatal hearts. To determine apoptotic signaling in the postnatal heart, we first characterized the expression level of procaspase-3 together with that of cleaved caspase-3, a central marker for the activation of the caspase cascade, in postnatal ventricles under baseline conditions (Fig. 1 ). Procaspase-3 expression was rapidly downregulated from postnatal day 1 (P1) to 35 days by ϳ20-fold, with the biggest fall from P7 to P14 (Fig. 1, A and  B) . Western blot analysis detected cleaved caspase-3 during the first 7 days after birth, which became undetectable after 14th postnatal day (Fig. 1A) . These results indicate that both procaspase-3 and cleaved caspase-3 levels showed a concurrent drop between P7 and P14.
In addition to the evaluation of cleaved caspase-3 protein levels by Western blot analysis, caspase-3 activity was also measured by immunosorbent enzyme assay (Fig. 1C) . Consistent with the results of the Western blot, postnatal ventricles showed a detectable caspase-3 activity during the first 7 days after birth (Fig. 1C) , which could be inhibited by preincubation with a pan-caspase inhibitor (Fig. 1D) . The caspase-3 activity in neonatal ventricles was rapidly downregulated by Ͼ20-fold from P1 to P14 with a significant drop in signal after P7, becoming undetectable from P14 onward.
We next characterized the parallel downregulation of other key apoptotic-regulating proteins in postnatal ventricles (Fig. 2) . The expression levels of Bax, Bak, Apaf-1, procaspase-9, and procaspase-8 were all downregulated from P7 to P14, by 1.6, 1.9, 1.8, 1.7, and 1.5-fold, respec- , and procaspase-8 (Procasp8). Expression of each protein at P7 or P14 was expressed as fold change relative to that of P21; n ϭ 4 -6 in each age point. AIF, apoptotic-inducing factor; Cyto C; cytochrome c; XIAP, X-linked inhibitor of apoptosis. *P Ͻ 0.05 vs. P21 group. tively ( Fig. 2, A and B) . The concerted downregulation of procaspase-3, Bax, Bak, Apaf-1, procaspase-9, and procaspase-8 likely contributes to the rapid downregulation of caspase-3 activation during this time window. Moreover, the expression of several key anti-apoptotic proteins including Bcl-XL, Bcl2, XIAP, and phospho-Akt was either downregulated or unchanged during the postnatal period ( Fig. 2A) indicating that downregulation of caspase-3 activation during the postnatal growth period is not due to the increased antiapoptotic activity.
Activation of caspase-3 by doxorubicin was markedly attenuated during the postnatal growth period. To determine if inducible activation of caspase-3 by cardiac injury is also downregulated during postnatal heart development, we investigated caspase-3 activation in postnatal mouse ventricles after acute doxorubicin treatment. Since doxorubicin has a half-life of ϳ30 h in vivo in rat (2), its acute action on caspase-3 activation was examined 24 h after injection of various doses of doxorubicin (Fig. 3) . Treatment of P7 neonatal mice elicited a dose-dependent increase of cleaved caspase-3 and cleaved poly(ADP-ribose) polymerase, which is a nuclear caspase-3 substrate (Fig. 3A) . There was also a dose-dependent increase in caspase-3 activity (Fig. 3B ) with increasing doses of doxorubicin. A time-course study revealed that caspase-3 activity was markedly increased at 8 h after doxorubicin injection and remained at a similar level up to 24 h after injection (Fig. 3C) .
Although activation of caspase-3 by doxorubicin was apparent within the first 7 days after birth, treatment of mice from P14 could not induce detectable caspase-3 activation by these biochemical methods (Fig. 4, A and B) . Our results indicate that the susceptibility of the postnatal mouse hearts to doxorubicin-induced caspase-3 activation closely parallels the time course of downregulation of basal caspase-3 activation and expression of key proapoptotic proteins during the postnatal period.
To determine if apoptotic regulating proteins can be upregulated in response to doxorubicin-induced apoptotic stimuli, we next investigated the expression levels of key apoptotic regulating proteins (listed in Fig. 2 ) in postnatal mouse ventricles after doxorubicin treatment. Among them, a majority, including procaspase-3, Apaf-1, procaspase-9, and procaspase-8, remained unchanged and only Bax was upregulated in both P7 and P21 ventricles in response to doxorubicin treatment (Fig. 4C) . Moreover, no significant upregulation of anti-apoptotic proteins including Bcl-XL (Fig. 4C ) was observed after doxorubicin treatment. These results suggest that the lack of concerted induction of key apoptotic-regulating proteins in postnatal ventricles limits caspase activation by doxorubicin in an acute setting.
Downregulation of key proapoptotic proteins during the postnatal growth period increases resistance to mitochondrial apoptotic pathway. The release of cytochrome c and other proapoptotic proteins from mitochondria are key mediators of doxorubicin-induced apoptosis (9, 22, 33) . While cytochrome c promotes caspase-dependent apoptosis (13), AIF and endonuclease EndoG are mitochondrial proteins that have been reported to promote caspase-independent apoptosis after their translocation to the cytosol in myocardium (3, 4) . To examine if the release of these mitochondrial proteins is induced within the 24-h window after acute doxorubicin treatment, Western blotting was performed to determine their expression levels in ventricular cytosolic fractions. A similar increase in the cytosolic levels of cytochrome c and EndoG after doxorubicin treatment was detected in both P7 and P21 ventricles (Fig. 5 , A-C), while AIF release was not significantly affected during this time window. In addition, mitochondrial swelling, indicative of susceptibility to calcium-induced MPT, was increased in both P7 and P21 ventricles by doxorubicin treatment (Fig. 5D) . Altogether, these results indicate that acute doxorubicin treatment induces mitochondrial damage resulting in cytosolic translocation of mitochondrial proteins involved in caspase-dependent and -independent apoptosis in both P7 and P21 ventricles. These results also suggest that while increased mitochondrial release of cytochrome c was detected in both P7 and P21 ventricles, it has limited effects on caspase-3 activation in mouse hearts after the general downregulation of apoptotic proteins.
To determine if the mitochondrial apoptotic pathway is involved in caspase-3 activation in neonatal ventricles, we evaluated the effect of caspase-9 inhibitor (z-LEHD-fmk; 10 mg/kg). Treatment with caspase-9 inhibitor attenuated the doxorubicin-induced increase in cleaved caspase-3 protein level (Fig. 6A ) and caspase-3 activity by ϳ55% (Fig. 6B) . To determine if caspase-8 activation is also involved in caspase-3 activation, we evaluated the effect of caspase-8 inhibitor (z-IETD-fmk; 10 mg/kg). Interestingly, treatment with caspase-8 inhibitor also attenuated the doxorubicin-induced increase in cleaved caspase-3 protein levels (Fig. 6A ) and caspase-3 activity by ϳ59% (Fig. 6B) . These inhibitors at 10 mg/kg were previously reported to inhibit caspase-8 or -9 in vivo in mouse (24) . In addition, treatment with both caspase-8 and caspase-9 inhibitors produced an additive effect (Fig. 6B ) further supporting that both extrinsic and intrinsic apoptotic pathways are implicated in doxorubicin-induced caspase-3 activation in neonatal ventricles.
Since lysosomal protease release induced by doxorubicin could be involved in caspase activation, necrosis, and/or autophagy (5, 34), we examined if lysosomal enzyme release is increased by acute doxorubicin treatment (Fig. 6C) . No significant induction of the cytosolic cathepsin D and cathepsin B levels was observed in both P7 and P21 ventricles by doxorubicin treatment. Moreover, treatment with pepstatin A, an inhibitor of cathepsin D, or with CA-074Me, an inhibitor of cathepsin B, did not attenuate the doxorubicin-induced increase in caspase-3 activity (Fig. 6B) , suggesting that lysosomal enzyme release does not play a major role in caspase-3 activation within 24 h after doxorubicin treatment. 
Induction of cleaved caspase-3-positive and/or TUNELpositive cardiac cells by doxorubicin was markedly reduced during the postnatal growth period.
Immunohistological analysis was performed to quantify cleaved caspase-3-positive cells in ventricular cryosections by fluorescent microscopy (Fig. 7, A  and B ). There was a significant reduction of nuclear density in the ventricular sections from P7 or P21 mice (Fig. 7, A and C) due to the hypertrophic growth of cardiomyocytes occurring during this period. We observed downregulation of the number of cleaved caspase-3-positive cells during postnatal heart development at baseline condition and after doxorubicin treatment (Fig. 7, A and B ; Table 1 ). These results were consistent with those of the Western blot and enzymatic activity assays. In addition, the incidence of cleaved caspase-3 positivity strongly correlated with that of TUNEL positivity (Fig. 7, A and B; Table 1 ) during postnatal heart development. Furthermore, inhibition of doxorubicin-induced caspase-3 activity by cotreatment with caspase-9 or caspase-8 inhibitors was associated with reduced TUNEL positivity in the P7 neonatal ventricles (Fig. 6D) . It is worth noting that the majority of cleaved caspase-3-positive cells exhibited partial or complete overlap to staining with DAPI in the P7 neonatal ventricles (Fig. 7A) , indicating perinuclear and nuclear accumulation of cleaved caspase-3. In contrast, P21 ventricles showed predominantly cytosolic staining of cleaved caspase-3 (Fig. 7A) . After 2 wk of age, immunohistological staining could still detect apoptosis at baseline and its increase after doxorubicin treatment, whereas biochemical methods reached the limit of assay detection, most likely due to significant cardiomyocyte enlargement (and therefore an increase in total protein content) together with the downregulation of key proapoptotic proteins during this postnatal period.
We performed dual immunostaining of cleaved caspase-3 and TUNEL (Fig. 7, C and D) in the P7 and P21 ventricles after acute doxorubicin treatment. About 74% of TUNEL-positive cells were also positive for cleaved caspase-3 staining in both P7 and P21 ventricles. This indicates a large portion of cleaved caspase-3-positive cells among the TUNEL-positive cells, representing caspase-3-dependent apoptosis in acute doxorubicininduced cardiotoxicity in both P7 and P21 ventricles. TUNELpositive but cleaved caspase-3-negative cells (ϳ26% of TUNEL-positive cells) may represent the cells at a late apoptotic stage or undergoing caspase-3-independent apoptosis. An induction of caspase-3-independent apoptosis was supported by increased cytosolic levels of EndoG detected after doxorubicin treatment in both P7 and P21 ventricles (Fig. 5, A  and C) , which may contribute to TUNEL-positive but cleaved caspase-3-negative cells detected by dual immunostaining.
Induction of cleaved caspase-3-positive or TUNEL-positive cardiomyocytes by doxorubicin was markedly downregulated during the postnatal growth period.
Because the results presented above do not distinguish the contributions of cardiomyocytes and noncardiomyocytes to the overall caspase-3 activation and apoptosis in mouse hearts under baseline and doxorubicin treatment conditions, we next determined the in vivo incidence of apoptosis in cardiomyocytes, which are believed to be the target of doxorubicin-induced cardiotoxicity. Transgenic mice with cardiac-specific expression of a nuclear localized LacZ reporter gene, which labels Ͼ99% of cardiomyocytes in the heart (26), were used in the subsequent experiments. We first confirmed that the time courses of postnatal downregulation of caspase-3 activation, expression of key proapoptotic proteins, and susceptibility to doxorubicin-induced caspase-3 activation were undistinguishable among the wild-type and transgenic mice (data not shown).
Anti-lacZ staining was used for cardiomyocyte nuclear identification in the transgenic mouse hearts (Fig. 8) . Apoptotic cells were visualized by immunohistological analysis of cleaved- caspase-3 (Fig. 9A) or by TUNEL staining (Fig. 10A ) of ventricular sections in combination with anti-lacZ staining. The majority of the apoptosis occurred in noncardiomyocytes as cleaved caspase-3-positive cardiomyocytes only accounted for ϳ8.9% of total cardiac positivity in P7 and ϳ5.5% in P21 ventricular sections from doxorubicin-treated mice (Fig. 9, B  and C) . The positivity for cleaved caspase-3 in cardiomyocytes and noncardiomyocytes was very similar to that of TUNEL (Table 1) . Although doxorubicin can induce a similar degree of relative caspase-3 activation and increase in TUNEL positivity in 1-and 3-wk-old hearts, the incidences of baseline and doxorubicin-induced cleaved caspase-3 and TUNEL positivity were rapidly downregulated in cardiomyocytes during the postnatal growth period (Fig. 10 , B and C; Table 1 ). The incidence of TUNEL-positive cardiomyocytes induced by doxorubicin was ϳ0.0466% (of total cardiomyocytes) in P7 ventricles compared with 0.0117% in P21 ventricles (Table 1) , corresponding to a fourfold decrease.
DISCUSSION
The present study clearly demonstrates age-dependent effects on the incidence of doxorubicin-induced apoptosis in the myocardium during postnatal mouse heart development (summarized in Table 1 ). Our experimental data support the presence of functionally intact caspase-dependent death machinery in neonatal hearts, which is rapidly silenced after birth. We observed a prominent drop of baseline caspase-3 activity by Ն20-fold in mouse hearts within the first 3 wk after birth, associated with a rapid downregulation of the expression of key proapoptotic proteins, in particular procaspase-3. These biochemical results are supported by immunohistological data showing a significant decrease in the positivity of cleaved caspase-3 staining and TUNEL assay during the first 3 wk of postnatal heart development. Our study further demonstrates the impact of the functionally intact death machinery in neonatal hearts on the acute apoptotic response to doxorubicin, revealing a critical transition from high to low susceptibility to doxorubicin-induced apoptosis in mouse heart during postnatal heart maturation. Moreover, our study provides in vivo evidence that neonatal cardiomyocytes are more susceptible to doxorubicin-induced apoptotic stimuli than terminally differentiated cardiomyocytes.
In this study, a significant effort was devoted to quantifying caspase-3 activation, which is a central event in the caspase cascade. Here, active caspase-3 was separated from other proteases in tissue lysates by immunoadsorption before the incubation with the fluorometric substrate. This assay detects active caspase-3 only and differs from other methods using direct incubation of heart lysates with fluorometric caspase-3 substrates, which measure caspase-3-like activity. This approach also differs from previous studies mainly focused on proapoptotic gene regulation, which have shown a general downregulation of key apoptotic-regulating factors at both the mRNA and protein levels in postmitotic tissues including heart, skeletal muscle, and brain during postnatal development (4, 16, 32) .
To determine the direct effects of doxorubicin on apoptotic signaling, the present study focused on the acute apoptotic response within 24 h of doxorubicin administration, which differs from the majority of the previous studies mainly focused on the chronic effects of doxorubicin treatment in vivo. A much greater induction of caspase-3 activation was observed in neonatal mouse hearts within 1 wk after birth compared with more mature hearts after 3 wk of age. The induction of limited proapoptotic regulating proteins, such as Bax, by doxorubicin in mature hearts is not sufficient to restore their sensitivity. Although a similar increase in cytochrome c release from mitochondria induced by doxorubicin was observed in 1-and 3-wk-old hearts, its effect on caspase-3 activation remains limited in 3-wk-old hearts, most likely due to lack of upregulation of other caspase-dependent machinery proteins by doxorubicin, such as procaspase-3, Apaf-1, and procaspase-9. Our observation is consistent with previous reports demonstrating that adult cardiomyocytes were resistant to cytochrome c-in- ‫ء‬Dox: 24 h after intraperitoneal injection of 10 mg/kg of doxorubicin. †Expressed as fold change compared to the 3-wk group at baseline. ‡Value in the 3-wk group at baseline was defined as 1. WB, Western blot; TUNEL, terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling. duced apoptosis, which could not be rescued by overexpression of Apaf-1 or inhibition of XIAP due to a global downregulation of the whole caspase-dependent machinery (13) , whereas cytochrome c-induced apoptosis in neonatal cardiomyocytes was sensitive to overexpression of Apaf-1 or inhibition of XIAP (13, 19, 21) . Our in vivo observations, together with previous in vitro studies, support the concept that concerted downregulation of procaspase-3 along with other caspase-dependent Fig. 9 . Cleaved caspase-3-positive cells are predominantly noncardiomyocytes in mouse ventricles. A: representative images of the staining used to discriminate cleaved caspase-3 in cardiomyocytes and noncardiomyocytes in ventricular sections from P7 or P21 mice treated for 24 h with doxorubicin at 10 mg/kg. Sections were stained with anti-LacZ (red) to label the nuclei of the cardiomyocytes (␣MHC-nLacZ reporter mice) followed by immunostaining with anti-cleaved caspase-3 antibodies (Ac-casp3, green) and DAPI (blue). Quantification of cleaved caspase-3-positive cardiomyocytes and noncardiomyocytes from P7 (B) and P21 (C) ventricles; n ϭ 6-8 for each data point. *P Ͻ 0.05 vs. cardiomyocytes. Arrows point to cleaved caspase-3 positive nuclei. Fig. 10 . Downregulation of doxorubicin-induced TUNEL positive cardiomyocytes in mouse ventricles during postnatal growth period. A: representative images of the staining used to identify TUNEL positive signal in cardiomyocytes. Sections were stained with antiLacZ (Red) to label the nuclei of the cardiomyocytes (␣MHC-nLacZ reporter mice) followed by immunostaining with TUNEL staining (green). Quantification of TUNEL-positive cardiomyocytes from P7 and P21 mouse hearts treated for 24 h with saline (B) or 10 mg/kg doxorubicin (C). n ϭ 6 -8 for each data point. *P Ͻ 0.05 vs. P21 group subjected to the same treatment. Arrows point to TUNEL-positive nuclei. machinery proteins during postnatal heart maturation is mainly responsible for resistance to cytochrome c-induced apoptosis in the mature heart and that the absence of their general induction by cardiac injuries contributes to the resistance of mature hearts against caspase activation.
Besides the caspase-3-dependent apoptosis, other forms of cell death have been reported in doxorubicin-induced cardiotoxicity such as caspase-3-independent apoptosis (3), necrosis (22) , autophagy, and senescence (12, 15, 17) . Our study supports the concept that caspase-3-dependent apoptosis predominates over caspase-3-independent apoptosis under acute doxorubicin treatment. First, we observed a strong correlation of the incidence of cleaved caspase-3 positivity with that of TUNEL positivity in both 1-and 3-wk-old heart sections. Second, dual staining for cleaved caspase-3 and TUNEL revealed that Ͼ70% of TUNEL-positive cells were also positive for cleaved caspase-3 in both 1-and 3-wk-old heart sections. Finally, treatment with caspase-9 or caspase-8 inhibitors not only attenuated doxorubicin-induced caspase-3 activation but also reduced TUNEL positivity in neonatal hearts. Nevertheless, mitochondrial damage occurred in both 1-and 3-wk-old hearts as indicated by increased release of mitochondrial proteins (cytochrome c and EndoG) and increased susceptibility to calcium-induced MPT, which may be involved in necrosis and autophagy in addition to apoptosis. In this respect, no significant increase in autophagy (data not shown) and in lyososomal enzyme release was detected in both 1-and 3-wk hearts within 24 h after doxorubicin treatment. These results suggest that apoptosis, predominantly caspase-3-dependent apoptosis, occurs during the acute time window tested in the present study and that reduced caspase activation in adult hearts may limit the impact of mitochondrial damage on acute induction of cell death, thus allowing a better cardiac recovery after the clearance of administrated doxorubicin. Future studies are needed to determine the cell type, timeline, incidence, and extent to which other forms of cell death contribute to the dose-dependent doxorubicin cardiotoxicity in neonatal vs. mature hearts.
Cardiomyocytes are believed to be a major target of doxorubicin-induced cardiotoxicity. Using the transgenic LacZ reporter gene mice (1, 26) , our study reports a decrease of about fourfold in the in vivo incidence of cardiomyocyte apoptosis from 1 to 3 wk of age after acute doxorubicin treatment (0.0466% for 1-wk and 0.0117% for 3-wk ventricles after doxorubicin treatment). It is important to note that this in vivo incidence of apoptosis represents a hundredfold difference from in vitro apoptotic indexes observed in cardiomyocyte culture studies, which are frequently 10 -40% after 24 h of doxorubicin stimulation (28) , indicating the importance of the in vivo micro-environmental effects on the mechanism and amplitude of cardiomyocyte apoptosis. It is also worth noting that apoptosis predominates in noncardiomyocytes as Ͼ90% of apoptosis occurred in noncardiomyocytes under all conditions tested, consistent with a recent observation in a monkey model of heart failure (18) . In addition to cardiomyocytes, noncardiomyocytes in 1-wk-old neonatal hearts are also more susceptible to doxorubicin-induced apoptotic stimuli than those in 3-wk-old hearts, indicating that multiple cell types in the growing myocardium are targets of doxorubicin-induced myocardial toxicity and are responsible for the increased susceptibility to this drug observed in neonatal mice.
Our results, together with others (4, 16, 32) , indicate that the time course of the downregulation of basal and inducible apoptotic signaling in mouse hearts parallels that of cell cycle withdrawal during postnatal growth (25) , suggesting decreased apoptotic potential is associated with terminal differentiation and cell cycle exit of cardiomyocytes. In addition, downregulation of the key apoptotic regulatory proteins has also been observed in other postmitotic cells such as skeletal muscle cells (6) and neuronal cells (29) . Finally, apoptotic gene silencing has also been found in stem cells after cardiac-directed differentiation and cell cycle exit (8) . The mechanisms of postnatal apoptotic gene silencing in cardiomyocytes and in other postmitotic cells remain largely unknown. The same factors such as E2F1 may be involved in the suppression of cell cycle and apoptotic gene silencing in cardiomyocytes (10) . However, other studies (32) have challenged this concept. A recent study (31) suggested a role for polypyrimidine tract binding protein through translational regulation of apoptotic genes including Apaf-1 and caspase-3. Other regulators involved in the transcriptional regulation of apoptotic genes remain to be discovered.
The current study draws attention to the marked effects of age on the doxorubicin-induced cardiac apoptotic response with an emphasis on the critical postnatal developmental window, providing conceptual frameworks for future mechanistic analyses on the age-dependent effects of doxorubicin in the heart. This in vivo analysis of the acute apoptotic signaling using a combination of biochemical, histological, and transgenic reporter mouse approaches clearly demonstrates the presence of functional caspase-dependent death machinery in the neonatal hearts and supports the hypothesis that acute induction of caspase-dependent apoptosis in immature cardiomyocytes and other cardiac cells with each exposure to doxorubicin contributes to the cumulative toxicity of doxorubicin. Cardiac progenitor cells in younger hearts could also be more sensitive to doxorubicin-induced cytotoxicity resulting in impaired cardiac regenerative capacity (7, 11) .
